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Application of phosphatidylinositol-specific phospholipase C to early tailbud stage axolotl embryos reveals that a specific
subset of morphogenetic movements requires glycosylphosphatidylinositol (GPI)-linked cell-surface proteins. These
include pronephric duct extension, “gill bulge” formation, and embryonic elongation along the anteroposterior axis. The
work of Kitchin (1949, J. Exp. Zool. 112, 393–416) led to the conclusion that extension of the notochord provided the motive
force driving anteroposterior stretching in axolotl embryos, elongation of other tissues being a passive response. We
therefore conjectured that axial mesoderm cells might display the GPI-linked proteins required for elongation of the
embryo. However, we show here that removal of most of the neural plate and axial and paraxial mesoderm prior to neural
tube closure does not prevent elongation of ventrolateral tissues. Tissue-extirpation and tissue-marking experiments
indicate that elongation of the ventral trunk occurs via active, directed tissue rearrangements within the endoderm, directed
by signals emanating from the blastopore region. Extension of both dorsal and ventral tissues requires GPI-linked proteins.
We conclude that elongation of axolotl embryos requires active cell rearrangements within ventral as well as axial tissues.
The fact that both types of elongation are prevented by removal of GPI-linked proteins implies that they share a common
molecular mechanism. © 2000 Academic Press
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bINTRODUCTION
Larval patterning results from the spatially and tempo-
rally restricted morphogenetic movements of embryonic
tissues, coordinated with their differentiation. Morphoge-
netic movements such as convergence and extension of
dorsal mesoderm and neurectoderm in Xenopus embryos,
migration of neural crest, and pronephric duct extension in
axolotl embryos have been described at the tissue and
cellular levels in great detail. However, the molecular bases
of these phenomena are just beginning to be examined (see
reviews by Keller, 1987; Fristrom, 1988; Keller et al., 1991;
ronner-Fraser, 1994; Epperlein and Lo¨fberg, 1996; Draw-
ridge and Steinberg, 1996).
The prevalent view for many years has been that antero-
osterior elongation of the tailbud-stage amphibian embryo
1 To whom correspondence should be addressed. Fax: (609) 895-
m5782. E-mail: drawbridge@rider.edu.
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All rights of reproduction in any form reserved.s driven by convergence and extension within the dorsal
esoderm and perhaps, to a lesser extent, the neurectoderm
e.g., Kitchin, 1949; Jacobson and Gordon, 1976; Shi et al.,
987; Keller et al., 1991). According to this view, elongation
f ventral tissues results from their being passively
tretched by the actively extending dorsal tissues. Several
ines of evidence have been put forth to support this idea.
irst, structural studies indicate a mechanical stretch-
ng and stiffening role for the notochord. As the am-
hibian notochord—the primary derivative of the dorsal
esoderm—differentiates and elongates, it becomes sur-
ounded by a stiff sheath of extracellular matrix (Mookerjee
t al., 1953), within which its cells become tightly packed
nd highly vacuolated. Presumably, the sheath permits
engthening but not widening of the vacuolating notochord.
oreover, when the notochord fails to form properly, as a
esult of either physical and chemical treatments or pertur-
ations in genes required for the construction of dorsal
esoderm, the embryo becomes shortened along the an-
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28 Drawbridge and Steinbergteroposterior axis (e.g., Malacinski et al., 1975; Scharf and
Gerhart, 1983; Holwill et al., 1987; Vincent and Gerhart,
1987; Kao and Ellinson, 1988; Schulte-Merker et al., 1994).
Finally, Kitchin’s (1949) study of development of noto-
chordectomized axolotl embryos implicated the notochord
as the sole active source of trunk elongation.
Studies of explanted tissues from early amphibian em-
bryos have reinforced the notion that dorsal tissues are
responsible for lengthening the embryonic body. Incipient
dorsal mesoderm isolated from gastrulating Xenopus em-
bryos exhibits autonomous convergence and extension;
neither isolated presumptive ectoderm nor endoderm un-
dergoes such tissue rearrangements (Keller and Danilchik,
1988). In addition, mesoderm induction in isolated animal
caps is accompanied by striking elongation movements
(Nieuwkoop, 1969; Green et al., 1990; Sokol et al., 1990).
Keller et al. (1992a,b) also noted elongation movements
within explanted Xenopus neurectoderm, but only when
left in contact with organizer tissue. Autonomous elonga-
tion of presumptive mesoderm has not been observed in
urodele embryos (Shi et al., 1987). However, when neurec-
toderm is cocultured with dorsal mesoderm, elongation of
the explant is comparable to lengthening of dorsal tissues in
the intact embryo (Jacobson and Gordon, 1976).
It has been demonstrated that anteroposterior elongation
of axolotl embryos requires one or more cell-surface glyco-
sylphosphatidylinositol (GPI)-linked proteins (Zackson and
Steinberg, 1989; Thibaudeau et al., 1993; Drawbridge et al.,
1994). In these studies, it was demonstrated that in vivo
removal of cell-surface GPI-linked proteins can be accom-
plished via subepidermal application of phosphatidyl-
inositol-specific phospholipase C (PI-PLC) to the mesoder-
mal flank of stage 20–22 axolotl embryos. Based upon the
evidence cited above, we originally supposed that dorsal
tissues were likely to express the PI-PLC-sensitive GPI-
linked proteins required for anteroposterior lengthening of
axolotl embryos. However, we show here that ventral trunk
tissues elongate normally in the absence of notochord,
neural tissue, and somitic mesoderm. This agrees with the
recent work of Larkin and Danilchik (1999), who obtained a
similar result using Xenopus embryos. Further experiments
ndicate that active cell rearrangements within the ventral
ndoderm of tailbud stage embryos are required for their
longation. However, the endoderm cannot elongate unless
t is in contact with the blastoporal region or its tissue
escendants. Although our experiments demonstrate that
entral and dorsal tissue elongation movements can occur
ndependently of one another, both are prevented by re-
oval of GPI-linked proteins. Thus, cell rearrangements in
oth dorsal and ventral elongating tissues require a com-
on class of cell-surface proteins.
The studies of Zackson and Steinberg (1989) and
hibaudeau et al. (1993) revealed that GPI-linked proteins
re required for normal pronephric duct migration as well as
nteroposterior elongation. It was also shown that cranial
eural crest migration and somite segmentation occur
ormally in the absence of these proteins. In this paper, we
Copyright © 2000 by Academic Press. All rightxtend those initial observations and show that the syn-
rome of defects caused by removal of PI-PLC-sensitive
PI-linked proteins also includes inhibition of pharyngeal
ouch morphogenesis. Furthermore, we add melanocyte
ell migration and neural tube closure to the list of mor-
hogenetic processes unaffected by removal of GPI-linked
roteins.
METHODS AND MATERIALS
Embryos and Microsurgery
Axolotl embryos were obtained from the Indiana University
Axolotl Colony. Embryos were staged according to Bordzilovskaya
and Dettlaff (1979). Embryos were manually dejellied with watch-
maker’s forceps; surgeries were performed with electrolytically
sharpened tungsten needles, hairloops, and watchmaker’s forceps
in petri dishes lined with nonhardening modeling clay. All surgical
procedures and subsequent rearing of embryos were carried out in
full-strength Hepes-buffered Steinberg’s solution (13 HBSt) supple-
mented with 100 U/ml penicillin and 100 mg/ml streptomycin as
previously described (Thibaudeau et al., 1993).
Ventral flap surgeries were performed by making three-sided
incisions through the ventrolateral and ventroposterior ectoderm,
mesoderm, and endoderm (Kitchin, 1949), or ectoderm and meso-
derm only, of stage 15 embryos. The resulting “flap” was then
pulled back and replaced, and the embryos were cultured until
unoperated controls reached stage 30–35. Tissue extirpations were
performed at stage 15–17 unless otherwise indicated, and embryos
or explants were cultured until unoperated controls reached stage
30–35. Control and experimental embryos for each experiment
were same-stage siblings.
Microinjection
PI-PLC and bovine serum albumin (BSA) were concentrated and
buffer exchanged into HBSt by three rounds of dilution and
concentration in Centricon 10 centrifugation concentrators (Ami-
con, Inc.). The concentration of PI-PLC used in these experiments
was 500–700 U/ml; the final concentration of BSA was 1 mg/ml. A
General Valve Corp. Picospritzer II was used to deliver PI-PLC or
BSA solutions into the subepidermal space over the anterior, mid-,
and posterior left mesodermal flank of stage 20–21 embryos as
described earlier (Thibaudeau et al., 1993). Consistent with results
presented in previous studies (Zackson and Steinberg, 1989;
Thibaudeau et al., 1993), all PI-PLC-induced defects reported here
occurred bilaterally, indicating diffusion of the enzyme throughout
the injected embryos. In some experiments, PI-PLC or BSA was
delivered into the blastocoel of early gastrulae via microinjection
through the blastocoel roof. Approximately 0.05 to 0.1 U of PI-PLC
was injected into each experimental embryo.
PI-PLC applied to the outside of living cells will selectively
remove cell-surface GPI-linked proteins; it does not affect other
cell-surface or cytoplasmic proteins (Low, 1992). In these studies,
the efficacy of PI-PLC treatment was determined by staining a test
group of treated embryos for endogenous alkaline phosphatase
(AP), a GPI-linked protein previously shown to be removed from
axolotl embryos by PI-PLC (Zackson and Steinberg, 1989;
Thibaudeau et al., 1993). Embryos were stained for AP with
5-bromo-4-chloro-3-indolyl phosphate for at least 4 h at room
temperature as previously described (Thibaudeau et al., 1993).
s of reproduction in any form reserved.
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29Morphogenesis in Axolotl EmbryosUnder the conditions used for the experiments reported here,
PI-PLC treatment was effective for at least 36 h postinjection as
evidenced by the absence of AP staining in PI-PLC-treated em-
bryos.
Tissue Marking with Nile Blue
To determine how rearrangements of ventral trunk tissues
correlate with embryonic elongation, tiny droplets of saturated
Nile blue solution were injected into flank tissue of stage 19–20
embryos, such that both mesoderm and underlying endoderm were
labeled. Cameral lucida drawings were made immediately after
marking and again 16–24 h later when the embryos reached
approximately stage 30. The outline of the embryo, the positions of
the somites and pronephros, and the positions of the dye spots were
noted in each drawing. The two drawings for each animal were
superimposed by aligning the anterior somites, whose size, shape,
and location remain unchanged between stages 20 and 30. Thus,
the movement of a dye spot between the first and the second
drawing indicated the net direction and extent of the tissue
movement over the course of the experiment. After the final
drawing was made, the embryos were fixed and dissected to ensure
that the dye spots visible on the mesoderm were located over the
marked endoderm. In all cases, labeled mesoderm was found
directly over labeled endoderm.
Fixation and Preparation for Light Microscopy
For light microscopy and sectioning, embryos were fixed over-
night at 4°C in Smith’s fixative (2.5% acetic acid, 5% w/v potas-
sium dichromate, 10% formalin) (Galigher and Kozloff, 1971),
rinsed over 4 h in several changes of 13 HBSt, and then dehydrated
through an ethanol series. The ethanol was exchanged for toluene
before paraffin infiltration. Ten-micrometer paraffin sections were
stained with either hematoxylin alone or hematoxylin and eosin.
For epidermal removal, embryos were fixed for 45 min to 1 h in
2.5% glutaraldehyde in 13 HBSt, then rinsed three times in 13
HBSt before the epidermis was surgically removed. After epidermal
removal, the position and morphology of the pronephros, proneph-
ric duct, somites, and cranial neural crest cells could be observed.
RESULTS
The Syndrome of Defects Caused by Removal of
GPI-Linked Proteins from Axolotl Embryos
During our investigations of axolotl (Ambystoma mexi-
canum) pronephric duct migration, we discovered that
removal of GPI-linked proteins from cell surfaces of tailbud
stage embryos (see Fig. 1 for diagrams of relevant develop-
mental stages) prevents both pronephric duct migration and
embryonic elongation (Zackson and Steinberg, 1989;
Thibaudeau et al., 1993). In those same studies, it was
determined that neither somite segmentation nor cranial
neural crest migration requires GPI-linked proteins (see
also Fig. 2A). Since there are well-documented differences
between amphibian cranial and trunk neural crest in their
recognition of guidance cues as well as their migration
patterns and fate (e.g., Stone, 1926, 1929; Thibaudeau et al.,
1993; Helbling et al., 1998), we asked whether melano-
Copyright © 2000 by Academic Press. All rightlasts, a subset of the trunk neural crest, could also migrate
n the absence of GPI-linked proteins.
Eggs from albino axolotl females were fertilized with
perm from wild-type males. The resulting embryos remain
hite until trunk neural crest cells migrate out from the
orsal neural tube and differentiate as pigment cells at
arious positions lateral and ventral to the neural tube. The
tellate, black pigment cells are easily observed against the
hite background of these embryos. Figure 2B shows that
igment cells in both PI-PLC-treated and untreated axolotl
mbryos differentiate at the same lateral positions on the
ank at the same time during development, indicating that
PI-linked proteins are not required for melanoblast migra-
ion or differentiation.
During our studies, we noticed that the “gill bulge” of
I-PLC-treated embryos appears immature relative to un-
reated controls although it still provides a suitable migra-
ion substratum for cranial neural crest (Fig. 2A9). Oblique
ections taken through the pharyngeal region of treated and
ntreated embryos reveal that PI-PLC treatment consis-
ently (n 5 5) results in failure of pharyngeal pouch
ormation (Fig. 3). Thus, the morphogenetic events that
equire GPI-linked proteins on embryonic cell surfaces
nclude pronephric duct elongation, pharyngeal pouch mor-
hogenesis, and elongation of the trunk. GPI-linked pro-
eins are not required for somite segmentation, cranial
eural crest migration, or melanoblast migration.
Incisions through the Ventrolateral Trunk of
Tailbud Stage Embryos Prevent Normal Elongation
The work of Kitchin (1949) is the only study known to us
in which the role of the notochord in anteroposterior
elongation of tailbud-stage axolotl embryos was investi-
gated directly. In these experiments, the notochord was
removed from the embryo during neural plate stages by
making a three-sided incision through the ventrolateral
tissues of the animal such that a thick flap could be folded
back via a hinge at the cephalic gut region (diagrammed in
Fig. 4A). The presumptive notochord was then surgically
removed from the roof of the archenteron. These embryos
became greatly foreshortened, leading to the conclusion
that elongation of urodele embryos is due solely to the
mechanical stretching and straightening of the notochord.
Since such notochordectomized embryos strongly re-
semble PI-PLC-treated embryos, we set out to determine
whether the notochord was the PI-PLC-sensitive target
tissue. However, while preparing to repeat Kitchin’s noto-
chordectomy experiment, we found that 100% (n 5 14) of
sham-operated controls, in which a ventral flap was made
but the notochord was left intact, showed defective trunk
elongation. Figures 4B and 4C show a typical unoperated
control compared to a sibling sham-operated embryo. Note
in Fig. 4C that although sham-operated embryos exhibit
elongation defects of the ventral trunk similar to both
Kitchin’s notochordectomized and our PI-PLC-treated em-
bryos, extension of dorsal tissues, as evidenced by the
s of reproduction in any form reserved.
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30 Drawbridge and Steinbergpresence of an elongating tail, has not been affected by this
surgery. Results of all our tissue manipulations and extir-
pations are summarized in Table 1.
Surgical Removal of Axial Tissues Does Not
Prevent Elongation within Lateral and Ventral
Trunk Tissues
If elongation of the ventral trunk between stages 20 and
35 of axolotl development occurs in response to the tugging
of the lengthening notochord and neural plate or requires
the active lengthening of both dorsal and ventral tissues,
then removal of dorsal tissues from postgastrula embryos
should inhibit ventral elongation. If, on the other hand,
elongation of ventral tissues is independent of dorsal elon-
gation, then normal elongation of the ventral trunk should
be observed in embryos from which dorsal tissues have
been removed. When presumptive axial mesoderm and
overlying neurectoderm are removed from embryos during
stages 15–17 (diagrammed in Fig. 5A), and the embryos are
cultured until unoperated controls reach stage 34–35,
straightening and lengthening of the ventral trunk are
comparable to controls (Figs. 5B and 5C). This was observed
in 100% (n 5 15) of the animals that survived this
operation. Treatment of these embryos with PI-PLC, how-
ever, inhibits ventral tissue extension (Fig. 5D) 100% of the
time (n 5 7). This demonstrates that active cell rearrange-
ents within ventral tissues of the trunk between stages 15
nd 35 are required for normal morphogenesis. Further-
ore, cells of the ventrolateral trunk must display GPI-
inked proteins for these rearrangements to occur.
PI-PLC Treatment Prevents Dorsal Tissue
Elongation during Gastrulation
Comparison of the embryos in Figs. 2A and 4C reveals
that PI-PLC treatment and surgical perturbation of ventral
FIG. 1. Body shape of axolotl embryos at stages 15, 21, 30, and 34.
Outlines of axolotl embryos at stages 15, 21, 30, and 34 are drawn
to scale. The approximate position and shape of the ventral trunk
endoderm are traced in red. Note that the most significant length-
ening in the ventral endoderm occurs after stage 21. Anterior is to
the left.tissues cause similar but not identical defects. Figure 2A
Copyright © 2000 by Academic Press. All righthows that PI-PLC treatment appears to affect dorsal as well
s ventral trunk elongation; somites are foreshortened
long the rostrocaudal axis and the tail fails to extend.
igure 4C shows that while surgical perturbation results in
foreshortened trunk and bent tail, tail extension is normal
n these embryos. Thus, cell-surface GPI-linked proteins
ppear to be important for elongation of dorsal as well as
entral tissues. To test this further, we injected PI-PLC into
he blastocoel of early gastrulae. Examination of these
mbryos 24–48 h later reveals that PI-PLC-treated embryos
ail to complete gastrulation, although closure of the ante-
ior neural tube occurs normally (Fig. 6). Thus, morphoge-
etic movements within both dorsal and ventral tissues
equire GPI-linked cell surface proteins. In addition, neural
FIG. 2. Melanoblast migration is unaffected by in vivo application
of PI-PLC. (Top) Sibling embryos were injected at stage 20 with
either BSA (A) or PI-PLC (A9), then cultured until stage 32, fixed,
and denuded of epidermis for observation of subepidermal tissues.
Note that PI-PLC treatment prevents elongation of the embryonic
trunk and the pronephric duct. However, somite segmentation and
migration of cranial neural crest still occur in treated embryos.
Large arrows indicate posterior tip of pronephric ducts; small
arrows indicate the migrating cranial neural crest. (Bottom) Sibling
stage 20 embryos derived from spawning an albino female with a
pigmented male were injected with either BSA (B) or PI-PLC (B9)
and cultured for 24 h. Melanoblasts have migrated from the dorsal
neural tube and differentiated as pigment cells to the same extent
in both embryos. Arrows point to individual pigment cells. Bar
represents 1 mm.
s of reproduction in any form reserved.
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31Morphogenesis in Axolotl Embryos
Copyright © 2000 by Academic Press. All righttube closure is added to the list of morphogenetic processes
unaffected by PI-PLC treatment.
Trunk Endoderm Cell Rearrangements Provide
Motive Force for Trunk Elongation
Figures 4 and 5 provide evidence that active elongation
movements within tissues ventral to axial and paraxial
structures occur in normal embryos. However, these data
do not tell us which of the three tissues present on the
ventral side—ectoderm, mesoderm, and endoderm—are
providing the motive force. To help determine which ven-
tral tissues actively rearrange, we repeated the ventral flap
experiment illustrated in Fig. 4 except that only ectodermal
and mesodermal tissue layers were pulled back and re-
placed; the endoderm was left undisturbed. All embryos
surviving this operation (n 5 9) elongated normally relative
o unoperated controls (Fig. 7), even though the ectoderm
nd mesoderm failed to heal completely in most embryos.
hus, trunk elongation cannot occur unless the endoderm
s intact. The most direct interpretation of these results is
hat ventrolateral trunk endoderm is an active source of the
ell rearrangements driving trunk elongation. However, Fig.
and ventroposterior trunk tissues prevent elongation of the ventral
or trunk tissues of stage 15 embryos, such that the ventral tissues
in A). The flap was closed and embryos cultured until unoperated
he neural plate, “not” indicates the notochord, and the dashed lines
n unoperated control embryo. (C) An operated sibling of (B). Note
the ventral trunk has failed to extend.
xial and paraxial tissues and dependent upon GPI-linked proteins.
stage 15 (neurula) axolotl embryos as diagrammed in (A); dashed
l controls reached stage 34–35 and then observed for morphological
l view of an embryo with dorsal tissues removed, and (D) a dorsalFIG. 3. Pharyngeal pouch formation is inhibited in PI-PLC-
treated embryos. Sibling embryos were injected with either BSA
or PI-PLC at stage 20 –21, cultured through stage 30, and
sectioned through the pharyngeal region to examine the mor-
phology of the pharyngeal pouches. The plane of section is
indicated by the line drawn through the diagram in (A). The
section through the BSA control (B) reveals distinct, well-formed
pharyngeal pouches typical of stage 30 embryos. However, an
equivalent section through a PI-PLC-treated embryo (C) reveals
that removal of GPI-linked proteins prevents formation of dis-FIG. 4. Surgical incisions through all three germ layers of ventrolateral
trunk. Incisions were made through the ventrolateral and ventroposteri
could be folded back to reveal the roof of the archenteron (diagrammed
controls reached stage 34. “bp” indicates the blastopore, “np” indicates t
indicate the position of ventral tissues prior to opening the embryo. (B) A
that tail extension has continued in the operated embryo even though
FIG. 5. Elongation of the ventral trunk is independent of elongating a
The archenteron roof and overlying neural epithelium was removed from
lines delineate the incision. These embryos were allowed to develop unti
defects. (B) A lateral view of an unoperated control embryo, (C) a dorsas of reproduction in any form reserved.
Nues w
32 Drawbridge and Steinberg8 shows that isolated ventral endoderm does not elongate
autonomously. Thus, ventral endoderm can actively rear-
range only when in contact with overlying tissues, although
the latter need not be intact.
Endoderm Elongates in Response to Signals from
Blastoporal Tissue
Spemann organizer tissue provides signals that result in
convergence and extension of adjacent neurectoderm and
dorsal mesoderm (Spemann and Mangold, 1924; Nieuw-
koop, 1969; Gimlich and Gerhart, 1984; Keller et al.,
1992a,b). Since organizer activity is retained in the blas-
topore lip and its tissue descendants after gastrulation (e.g.,
TABLE 1
Effect of Tissue Extirpation, Perturbation, and PI-PLC Treatment
Treatment
Dorsal elongation (tail extension)
Nonea Incomplete Normal
one 0 2/29b 27/29
PI-PLC 39/39 0 0
Ventral flap:
ectoderm,
mesoderm, and
endoderm
0 0 14/14c
Ventral flap:
ectoderm,
mesoderm
0 0 9/9
Removal: dorsal
ectoderm and
mesoderm
No dorsal trunk tissue
PI-PLC plus removal:
dorsal ectoderm
and mesoderm
No dorsal trunk tissue
Removal: blastoporal
region and dorsal
ectoderm and
mesoderm
No dorsal trunk tissue
Removal: blastoporal
region only
0 9/9 0
Explant: endoderm No dorsal trunk tissue
Explant: endoderm
plus blastoporal
region
No dorsal trunk tissue
a Elongation scored as “none” if no elongation occurred from th
b Exogastrulae.
c Lengthening of dorsal tissues was normal; however, dorsal tissMangold, 1933; Gilbert and Saxe´n, 1993; Gont et al., 1993),
Copyright © 2000 by Academic Press. All rightwe performed tissue extirpation experiments to determine
whether the elongation movements within trunk endoderm
occur in response to signals from tissues with known
organizer activity. Figures 5B, 5C, 9A, and 9B show that
dorsal tissues need not be present for trunk elongation to
occur. However, when dorsal tissues and the entire blas-
toporal region are removed from neurula stage embryos (Fig.
9C), ventral trunk elongation fails, resulting in embryonic
morphology similar to that of PI-PLC-treated embryos from
which dorsal tissues have been removed (compare Figs. 5D
and 9C). If dorsal tissues are left intact and one removes
only the circumferential strip of tissue containing the
blastopore, the ventral trunk elongates anteriorly although
the posterior end of the trunk is foreshortened and rounded
ongation of Tailbud Stage Axolotl Embryos
Ventral trunk elongation
Commentsonea Incomplete Normal
0 2/29 27/29 See unoperated
controls
39/39 0 0 Figs. 2 and 6 (see also
Zackson and
Steinberg, 1989;
Thibaudeau et al.,
1993)
14/14 0 0 Fig. 4
0 0 9/9 Fig. 7
0 0 15/15 Fig. 5
7/7 0 0 Fig. 5
6/6 0 0 Fig. 9
0 9/9 0 Fig. 9
5/5 0 0 Fig. 8
0 5/5 0 Fig. 9
e of treatment to the end of the experiment.
ere bent because ventral tissue elongation failed.on El
N
e timrelative to unoperated controls (compare Figs. 9A and 9D).
s of reproduction in any form reserved.
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33Morphogenesis in Axolotl EmbryosFinally, when all ectoderm and mesoderm are removed
from the ventral endoderm except for the blastopore lip, the
posterior endoderm in contact with the latter tissue as-
sumes the conical shape seen in the posterior ventral trunk
tissue of controls (Figs. 9E and 9F).
Elongation of the Ventral Trunk Occurs by
Directed Movement of Ventralmost and
Posteriormost Tissues
Nile blue tissue marking was employed to determine
whether directional movement of trunk tissues could be
detected during elongation and whether all areas of the
ventrolateral trunk region rearrange to the same extent
during trunk elongation. Figure 10 shows that trunk elon-
gation correlates with net dorsocaudad tissue movements
within the trunk between stages 20 and 30 of development.
However, not all tissues of the trunk move to the same
extent; dorsoanterior tissues exhibit little directed move-
ment relative to ventroposterior tissue. Thus, cells adjacent
to the cloacal lip exhibit greater net movement than those
distant from the cloacal lip. Figure 10 also reveals that
removal of GPI-linked proteins essentially halts tissue
translocation in the trunk.
DISCUSSION
Elongation Morphogenesis and GPI-Linked
Proteins
We have shown here and elsewhere that pronephric duct
extension, pharyngeal pouch formation, and elongation of
both dorsal and ventral tissues in the embryonic trunk are
dependent upon the expression of PI-PLC-sensitive, GPI-
linked proteins (Zackson and Steinberg, 1989; Thibaudeau
et al., 1993; this paper). Neural crest migration, somite
egmentation, and neural fold closure can all occur in the
resence of PI-PLC, i.e., in the absence of cell-surface
PI-linked proteins. Comparison of PI-PLC-sensitive and
nsensitive morphogenetic processes reveals that the tissue
elamination characteristic of somite segmentation, dis-
ersal of individual cells during neural crest migration, and
olding and closure of the neural plate are unaffected by
emoval of GPI-linked proteins. On the other hand, all
I-PLC-sensitive morphogenetic events can be described as
onvergent extension-type tissue elongation movements.
lthough our tissue-removal studies show that elongation
f axial and ventral tissues in tailbud stage embryos can
ccur independently of one another, both ventral and dorsal
longation depend upon the presence of cell-surface GPI-
inked proteins. Thus, this work raises the intriguing pos-
ibility that elongation of dorsal mesoderm and of ventral
ndoderm in amphibian embryos have a common molecu-
ar basis.
In other systems, GPI-linked proteins have been shown to
ediate both cell–cell adhesion and signal transductione.g., see Walsh and Doherty, 1991; Petty and Todd, 1996;
Copyright © 2000 by Academic Press. All rightiraksinen et al., 1999; Holder and Klein, 1999; for re-
iews). Therefore we do not yet have sufficient information
o deduce how GPI-linked proteins participate in promoting
issue-elongation movements in the axolotl embryo. Fortu-
ately, the sensitivity of these proteins to PI-PLC provides
s with a biochemical means for isolating and testing
ndividual candidate proteins for their roles in either pro-
oting or participating directly in tissue rearrangements.
Ventral Endoderm Must Actively Elongate for
Proper Trunk Morphogenesis to Occur
We demonstrate here that trunk elongation during tail-
bud stages of axolotl development is independent of the
mechanical elongation of dorsal axial tissues. This result is
in good agreement with recent work (Larkin and Danilchik,
1999) showing that ventral tissues elongate independently
of dorsal tissues in Xenopus laevis. However, Larkin and
Danilchik conclude from their tissue-marking experiments
that the motive force for elongation on the ventral side of
Xenopus embryos is provided by mediolateral intercalation
of cells within ventrolateral mesoderm. Such a mechanism
implies that elongation of ventral endoderm occurs as it is
squeezed by surrounding tissues. Our results with axolotl
embryos suggest that cell intercalation within ventrolateral
mesoderm does not play an important role in ventral
elongation. First, the presence of ventrolateral mesoderm in
the explant does not correlate well with elongation move-
ments; Fig. 9C shows that with attached ventrolateral
ectoderm and mesoderm but no blastoporal tissue, ventral
tissues do not elongate; Fig. 9E shows that ventral
endoderm with attached blastoporal tissue but without
attached ventrolateral ectoderm and mesoderm does elon-
gate. Furthermore, since the trunk will elongate when
mesodermal and ectodermal tissue layers are surgically
disrupted but fails to elongate if ventral endoderm is simi-
larly perturbed (Figs. 4 and 7), we conclude that the cell
rearrangements driving ventral elongation are occurring
within the endoderm. If one considers the architecture of
the ventral side of amphibian embryos, this result is not so
surprising. Ventrally, the endoderm is many cell layers
deep, covered by thin mesodermal and ectodermal layers.
Thus active cell rearrangements occur in the most massive
tissue on the ventral side.
Ventral Endoderm Elongates in Response to
Signals from Organizer Tissues
Although we provide evidence that cell rearrangements
within trunk endodermal tissue are necessary for trunk
elongation, we also show that the endoderm cannot per-
form these movements autonomously. When isolated from
surrounding tissues, the endoderm remains rounded and
does not elongate (Fig. 8). Our experiments indicate that
adjacent tissue must signal to the endoderm to rearrange
and that the blastoporal tissue is an important source of
these signals. When blastoporal, i.e., organizer, tissue is
s of reproduction in any form reserved.
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34 Drawbridge and Steinbergpresent (Figs. 5C and 9B), removal of axial ectoderm and
mesoderm has no effect on trunk elongation. However,
when axial tissues and the entire blastoporal region are
removed, trunk elongation fails. When all tissue is removed
from the trunk endoderm except for the blastoporal region,
morphogenesis of the ventral endoderm is partially restored
(Figs. 8 and 9E). Thus, the blastoporal region is an essential
source of elongation signals. In agreement with this finding
are our tissue-marking studies showing that the closer a
tissue is to the blastopore, the greater is its net movement
between stages 21 and 30. Thus, these results are consistent
with the results of others who have shown that one impor-
FIG. 6. Dorsal elongation depends on cell-surface GPI-linked p
lastocoel of early gastrulae (stage 10–11) and the embryos were cu
losure of the neural plate occur in PI-PLC-treated embryos even t
IG. 7. Surgical incisions through the ectoderm and mesoderm of
runk elongation. Incisions were made through the ventrolateral an
ites were the same as those shown in Fig. 4A. The ectomesoderma
ntil unoperated sibling controls reached stage 34–35. Comparison
as no effect on morphogenesis of the ventral trunk even though
mbryos. The arrow indicates a fissure characteristic of this opera
IG. 8. Ventral endoderm fails to elongate in the absence of surrou
nd cultured until unoperated controls (B) reached stage 33–34. No
hown in (A).tant organizer function is to promote the elongation of n
Copyright © 2000 by Academic Press. All rightissues that contact it (Spemann and Mangold, 1924;
ieuwkoop, 1969; Gimlich and Gerhart, 1984; Keller et al.,
992a,b). Our results add tailbud stage endoderm to the list
f tissues that undergo elongation movements in response
o organizer signals.
Dorsal axial tissues are not necessary for ventral trunk
longation although, in the absence of the blastoporal
egion, explants with dorsal tissues intact exhibit some
longation (Fig. 9D). It is known that anterior dorsal
issues have organizer activity (Mangold, 1933; Gilbert
nd Saxe´n, 1993). Furthermore, when the blastoporal
egion is removed from an embryo, the embryo heals with
ns. Either BSA (A) or PI-PLC (B) solution was injected into the
d until controls reached stage 30–31. Note that development and
h dorsal and ventral extension of the trunk fail.
olateral and ventroposterior trunk tissues have no effect on ventral
troposterior ectoderm and mesoderm of stage 15 embryos. Incision
was then pulled back and replaced, and the embryos were cultured
trols (top) to operated (bottom) embryos reveals that this operation
ectomesodermal flap failed to heal completely in most operated
g tissue. Ventral endoderm (A) was dissected from stage 15 embryos
at no elongation of the endoderm is detected in the two explantsrotei
lture
houg
ventr
d ven
l flap
of con
the
tion.o opening to the archenteron. Thus dorsal tissues come
s of reproduction in any form reserved.
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35Morphogenesis in Axolotl Embryosinto contact with ventral endoderm as a result of this
procedure. We speculate that this tissue interaction re-
sults in the incomplete elongation seen in this experi-
ment.
A critical period for the contact between endoderm and
the signaling tissues in axolotl embryos likely occurs be-
tween stages 15 and 20. This statement is supported by the
experiment shown in Fig. 4 in which surgical incisions
between ventral trunk tissues and the blastopore and dorsal
axis were sufficient to cause elongation defects in the
FIG. 9. The blastoporal region provides a source of elongation sign
same-stage siblings. Tissues were excised from stage 15–17 embry
29–30. (A) Lateral view of an unoperated control, (B) dorsal view of e
view of embryo from which dorsal tissues and entire blastopora
blastoporal region only was removed, (E) lateral view of endoderm
lateral view of embryo from which the head was removed—note
structures.
FIG. 10. PI-PLC treatment inhibits dorsocaudad translocation of v
embryos were marked via subepidermal injection of Nile blue into
the Nile blue spots were recorded via camera lucida tracing. Embr
remade, and the two drawings were superimposed as described und
Nile blue marks. Note that ventroposterior tissues exhibit the gr
(bottom embryo) virtually eliminates the net movement of ventraembryo. These embryos healed within a couple of hours of a
Copyright © 2000 by Academic Press. All righthe operation, i.e., by stage 20 of development, at which
ime the cells would be capable of communicating with
ach other again.
Recently, Winklbauer and Schu¨rfeld (1999) showed that
ell rearrangements within the prospective ventral
ndoderm of Xenopus blastulae are essential for initiation
f gastrulation. Thus, dynamic properties of ventral
ndoderm—a tissue previously assumed to be a passive
articipant in both gastrulation and tailbud stage morpho-
enetic movements—are identified as essential to normal
ventral endoderm. All embryos/explants shown were derived from
nd then cultured until unoperated sibling embryos reached stage
o from which dorsal tissues were removed (as in Fig. 5C), (C) dorsal
ion were removed, (D) lateral view of embryo from which the
nt with blastoporal region left attached (compare to Fig. 8), and (F)
trunk morphogenesis does not rely on the presence of anterior
oposterior trunk tissue. Lateral trunk tissues of stage 19–20 albino
mesoderm and underlying endoderm (red spots). The positions of
ere then cultured until stage 29–30, camera lucida tracings were
thods and Materials. Black spots indicate the final positions of the
t net movement (top embryo). Also note that PI-PLC treatment
k tissue.als to
os a
mbry
l reg
expla
that
entr
the
yos w
er Me
eatesmphibian morphogenesis.
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